Surgical reconstruction using an autologous or allogenic allograft is the treatment of choice for anterior cruciate ligament (ACL) tear repair. We have checking the treatment of ACL tears with in vitro cultured autologous fibroblasts on porcine type I/III collagen membranes, in 12 sheep randomly assigned to be treated with collagen membrane without cells or with porcine membrane plus 5 million autologous fibroblasts per cm 2 . The animals underwent a first surgery in which a biopsy of the ACL was taken, and a second one in which the membrane was implanted alone (N=6) or with the fibroblasts (N=6) isolated from the biopsy. After 16 weeks, the animals were sacrificed and samples of healthy and repaired ACL were taken for histological and gene expression of type I collagen (COL1), MMP-13 (matrix metallopeptidase 13), and tenascin-C (TNC) studies. The architecture of normal ACL was not conserved either in the ACL treated with the membrane with or without cells. However, a higher degree of peripheral vascularization was observed in the ACL treated with membrane plus fibroblasts than in those treated with membrane alone. Cellularity and nucleus volume were significantly higher in the center or the periphery of the neo-formed ACL than in the control ACL. No differences between the ACL treated with membrane alone or with membrane plus cells were observed in the relative COL1, MMP-13 and tenascin-C expression. Fibroblasts embedded in porcine type I/III membranes probably enhance vascularization of the graft, so it could be a promising tool for the treatment of ACL tears.
Introduction
Anterior cruciate ligament (ACL) tears represent one of the most frequent lesions in the knee. Apart from the ACL tear, we can find some associated lesions such as meniscal, chondral or capsular ligament injuries which may complicate the evolution of the ACL tear (Jiménez-Collado, Guillén-García, & Sobrado-Pérez, 1994) . Currently, the ACL tears are treated with a surgical procedure that implies the use of different tendons or ligaments to reconstruct the damaged ACL (Murawski, van Eck, Irrgang, Tashman, & Fu, 2014) .
In people who practice sports regularly but not professionally, the rupture of the ACL and all the associated injuries leads to a major decline in their quality of life, but it is in the professional athlete where these lesions have a crucial importance. The fundamental reason is the long recovery time, which can range from 6 to 8 months (Bizzini & Silvers, 2014; Czuppon, Racette, Klein, & Harris-Hayes, 2014) . biological structures, mostly a tendon anchored to the tibia and femur by drilling. Although both, tendon and ligament are very similar in terms of their structural and cellular composition, they still have different physical and mechanical properties, because their functions are also different (Jiménez-Collado, Guillén-García, & Sobrado-Pérez, 1994) . Therefore, an integration period is required to make the implanted tendon structure assuming the role of ligament, which directly affects the recovery time of the patient (Bizzini & Silvers, 2014) .
Currently, the research on this field is focused in finding a new method to reduce the time of recovery which with these techniques is now of 6-8 months. One alternative method could be the treatment of these lesions with tissue engineering (Nau, & Teuschl, 2015) . We have investigated a novel tissue engineering approach based in the use of ACL isolated fibroblasts combined with type I/III collagen membranes as a carrier in the reconstruction of broken ACL. This biomaterial has been widely used as a carrier for other cell types such as chondrocytes for cartilage repair (D. Goyal, A. Goyal, Keyhani, Lee, & Hui, 2013; Rodriguez-Merchan, 2013) . We firstly described a method to isolate and culture these cells from ACL biopsies from patients with ACL tears, without losing their biological properties (Guillén et al., 2013) . In a second phase, we carried-out a study in the sheep model, to check the use of the fibroblasts combined with the collagen membrane. The aim of this study was to compare the efficacy in the animal model of the suture and the combination of suture plus autologous fibroblast implantation for the treatment of the ACL tears.
Material and Methods

Animals
Twelve 2-3 years-old female sheep (Ovis aries L, var. Merino Fleischaf) were included in this study. The experimental protocol was approved by the Ethical Committee of our Institution. The animals were randomly assigned to one of the following groups: Group 1; treated with traditional suture and a resorbable porcine collagen type I/III membrane (Chondro-Gide, Geistlich Biomaterials, Wolhusen, Switzerland) Group 2; treated with traditional suture plus 5 million autologous fibroblasts per cm 2 , seeded in the collagen type I/III membrane
ACL Biopsy Obtaining
General anesthesia was induced with 4 mg/kg body weight intravenous propophol (Propophol-Lipuro® 1%; B. Braun Medical International; Rubi; Spain) and maintained with 2-3% isofluorane (Isoba® vet; Shering-Plough; Kenilworth; NJ).
A parapatellar incision was made to expose the right knee joint and the patella was laterally dislocated. Once the ACL was exposed, a sample was taken from all the animals. The sample was placed in a tube with 25 ml of Dulbeco's Modified Eagle's Medium (DMEM) (Lonza Group Ltd., Basel, Switzerland) and immediately processed. The joint was closed with #0 Vicryl ® , the subcutaneous tissue with 2/0 Vicryl® and the skin with staples.
After surgery the animals received antibiotic prophylaxis with 10 mg/Kg sodium cephalexin (Ceporex®; Shering-Plough) and analgesic with 4 mg/Kg carprofen (Rimadyl ® ; Pfizer) and 0.01 mg/Kg buprenorphine (Buprex®, Shering-Plough). The animals were observed daily after surgery and any relevant physical sign or symptom revealing pain was carefully monitored and followed-up.
Isolation and Culture of Fibroblasts
Each ACL sample was placed in a petri dish and cut into small fragments using a sterile razor blade. The fragments were carefully disposed in a sterile 50 ml tube and isolation of cells was performed by enzymatic digestion with 1 mg/ml collagenase (Roche Diagnostics GmbH, Mannheim, Germany) at 37ºC overnight. The digested samples were filtered through a 70 µm gauge nylon cell strainer (BD Falcon, Franklin Lakes, NJ) connected to a clean 50 ml tube. The cell strainer was washed with 10 ml of DMEM. The sample was centrifuged for 5 minutes at 1,800 rpm and room temperature, the supernatant was discarded and additional 20 ml of DMEM were added to the tube. The tube was centrifuged for 5 minutes at 1,500 rpm and room temperature, the supernatant was discarded and the pellet was resuspended in DMEM supplemented with 10% of fetal bovine serum (Lonza), L-Glutamine and penicillin-streptomicin. The number of viable cells was estimated with the trypan-blue exclusion method in a Neubauer's chamber.
The cells were transferred to a culture flask at a density of 1,000 -5,000 viable cells per cm 2 with complete DMEM and incubated at 37ºC, 5% CO 2 and 95% relative humidity. When the culture reached 80% confluence the cells were detached with 0.05 ml/cm 2 of 200 mg/l trypsin-EDTA. 
ACL Tear Induction and Fibroblast Implantation
Fifteen days after the first surgery, the animals underwent a second surgery, carried-out under general anesthesia and using the same surgical procedure as described in a previous section. During surgery, the ACL was exposed and two stitches (proximal and distal) were practiced to avoid losing the ACL ends after cutting the ligament (Figure 1a ). Then, the ACL was dissected with a ladder-shaped cut within both stitches ( Figure 1b ). Figure 1 . After ACL exposition, a proximal and a distal stitched were practiced (a) and the ACL was then dissected by cut it between the two stitches (b)
For each animal, a fragment of 1 cm 2 of the porcine type I/III collagen membrane was cut out. Each fragment was prepared for its implantation by giving four cardinal suture points (Figure 2a ). For the animals of the Group 1, the membrane fragments with the four stitches were seeded with DMEM without cells, while the membrane fragments for the animals of the Group 2 were seeded with 5 million of autologous fibroblasts (cell density: 1 million cells per cm 2 ) in DMEM as a vehicle. After waiting 10 minutes, the cells were adsorbed onto the membrane, and then it was placed below the ends of the ligament, with the face in which the cells or the vehicle was deposited in contact with the ruptured ACL ( Figure 2b ). Once the membrane was placed in the correct place, the ends of the sutures (proximal and distal) applied in the ACL at the beginning of the intervention, were tied ( Figure 2c ). The membrane was then closed by tying the cardinal stitches two by two and by continuous suture with 6/0 Vicryl ® (Figure 2d ). The joint and adjacent tissues were closed as described above. All the animals were followed-up daily for any relevant sign of pain. After surgery the animals received antibiotic prophylaxis and analgesic as described in a previous paragraph.
Necropsy
After a period of 16 weeks, the animals were sacrificed and in each animal 2 different samples were taken. A sample of healthy ACL was taken from the left knee and other sample of the repaired ACL was taken from the right knee. A little part of each sample was cut-out and stored in RNALater (Life Technologies S.A., Madrid, Spain) at -20ºC until it was used for molecular study by real time polymerase chain reaction (RT-PCR). The remaining tissue was preserved in 10% formaldehyde for histological study.
Real-Time Quantitative Polymerase Chain Reaction (RT-PCR)
2.6.1 Isolation of Total RNA After RNALater removal, RNA was isolated after treatment with TRIzol (Invitrogen) and chloroform and isopropanol precipitation, following the manufacturers' instructions. The concentration of the RNA resuspended in RNase free water was measured using a NanoDrop 1000 (NanoDrop Technologies, Inc., Wilmington, DE) and the final concentration was adjusted to 1 µg/µl. Note: The relative position of the primers is referred to the nucleotide sequence of the accession number. COL1: type I collagen; MMP13: metallopeptidase 13.
All the amplifications were carried-out using the LightCycler® TaqMan® Master kit (Roche Molecular Biochemicals), following the instructions given by the manufacturer with slight modifications. The PCR method has been described elsewhere (Guillén-García et al., 2014) . Briefly, for each gene, the reaction mixture was composed by 1 µM of forward and reverse primer, 2 µl of UPL probe, 1x Master Mix and 2 µl of cDNA. The reaction profile was composed by a preincubation module at 95ºC for 10 min and an amplification one with the following steps (repeated 45 cycles): denaturation at 95ºC for 10 sec, annealing at 60ºC for 30 sec and extension at 72ºC for 1 sec, with a single fluorescence acquisition step. Each sample was tested in duplicate and all genes were studied in the same PCR run. The expression of COL1, MMP13 and tenascin-C referred to that of the housekeeping β-actin gene was automatically calculated using the Relative Quantitation module of LightCycler 1.5 software.
Histological Analysis
The biopsies were embedded in paraffin and 4-µm-thick sections were cut using a microtome. The sections were stained with hematoxylin-eosin to study the tissue architecture. Morphometric studies were performed in order to quantify cellularity in all histologic samples. The number of cells per surface unit was quantified in ACL histologic sections stained with hematoxylin-eosin, using the image analysis software Leica QWin. For each sample a 1mm 2 was analysed, from a representative tissue area, using sequential images taken with a digital camera DC300 paired to an optical microscope Leica DM5000B at 20x magnification.
Statistical Analysis
Statistical analysis was performed using the IBM SPSS Statistics version 22 software. Continuous variables were expressed as the mean ± standard deviation and the normality was checked with the Kolmogorov-Smirnov Test. ANOVA was used comparison of means when the variables had a normal distribution. In this case, two-by-two comparisons were done with the Tukey's Test. Non-parametric Kruskall-Wallis and the Mann-Whitney U Tests were used to compare non-normal continuous distributions. Categorical variables were expressed as counts and/or percentage and compared with the Chi-Square Test. In all comparisons and parameter estimation a value of p<0.05 (two-sides) were considered statistically significant.
Results
After the necropsy, the morphological macroscopic aspect of the operated ACL was studied in each animal. Only in two animals, one from the group treated with the membrane alone and other form the group treated with membrane plus cells, the ACL was thinner than the normal ACL taken from the non-operated limb. In the remaining cases, the macroscopic aspect of the repaired ACL was normal (data not shown).
The relative expression of COL1, MMP13 and tenascin-C of the ACL repaired with membrane compared with that of the ACL repaired with membrane plus fibroblasts is depicted in the Figure 3 . As shown in the figure, no significant differences in the expression of any of the 3 genes were observed when ACL treated with or without www.ccsenet.org/ijb 7, No. 2; fibroblasts were compared. The expression levels of the 3 proteins were similar when both limbs, the operated limb and the non-operated one, were compared as a whole (Table 2) . We did not find significant differences when both limbs were compared in each group of treatment separately (Table 2) . Hematoxylin-eosin staining revealed that the architecture of normal ACL was not conserved either in the ACL treated with the membrane with or without cells (Figure 4) . In both neo-formed structures, a number, apparently higher than in the control tissue, of fibroblasts-like cells were observed (Figure 4 ). However, when the periphery of the neo-formed structures were examined, a higher degree of peripheral vascularization was observed in the ACL treated with membrane plus fibroblasts (Figure 5a ) than in that treated with membrane alone (Figure 5b ). In the histological sections we noticed that in both neo-formed ACL, the number of cells was quite different when the center and the periphery of the structure were compared. To assess this apparent difference found between the center and the periphery, the tissue cellularity, measured by the number of nucleus per mm 2 , was estimated in the neo-formed ACL. In all the samples, the nucleus volume was estimated by measuring the surface per nucleus. The cellularity was statistically different when the control of the non-operated limbs and both the center and the periphery of the operated limbs were compared (p=0.0001; Kruskal Wallis test) (Figure 6a ). The nucleus volume was also significantly different among control limbs and center and periphery of the operated limbs (p=0.0001; ANOVA) ( Figure 6b ). The results of the two-by-two comparisons between the control ACL and the center and the periphery of the neo-formed ACL, with respect to the cellularity and the nucleus volume showed no differences between the center and the periphery in both the mean of cellularity and that of the nucleus volume. However, the cellularity was significantly higher in the center or the periphery of the neo-formed ACL than in the control ACL (Figure 6a ) and nucleus volume was also higher in the center and the periphery of the reconstructed ACL than in the control (Figure 6b ). Finally, when the cellularity and the nucleus volume in the center and in the periphery were compared, no statistically significant differences between the treatment with membrane alone or with membrane plus fibroblasts were found (Table 3) . 
Discussion
In the last years, the advances in the field of regenerative medicine and tissue engineering have increased the research and development of new methods to repair the ACL tears. These novel techniques are being used since more than a decade with a relatively high success in other musculoskeletal diseases, such as the articular cartilage lesions (D. Goyal, A. Goyal, Keyhani, Lee, & Hui, 2013; Rodriguez-Merchan, 2013; Guillén-Garcia et al., 2014; Demoor et al., 2014) . In this work we present in an animal model a new tissue engineering-based technique to treat the ACL tears. This technique consists on the use of autologous fibroblasts seeded onto porcine type I/III collagen membranes. These membranes have been widely used as a carrier of autologous chondrocytes to treat articular cartilage injuries (Bentley et al., 2013; D. Goyal, A. Goyal, Keyhani, Lee, & Hui, 2013; Guillen et al., 2013; Demoor et al., 2014) .
In a previous work we demonstrated that the fibroblasts could be seeded onto this membrane without losing their biological properties (Guillen et al., 2013) . Other authors had developed other biomaterials made of collagen fibrils and found that the fibroblasts did not lose their features in these biomaterials and thus, they can be used as carriers for constructing ACL analogs (Dunn, Liesch, Tiku, & Zawadsky, 1995; Bellincampi, Closkey, Prasad, Zawadsky, & Dunn, 1998) . The first thing we noticed was that the ACL treated with or without cells was morphological similar than the control one, in all the cases except in two, one from each group. This result indicates that the ACL has a self-healing potential without cells. In fact, there are some recent studies that points-out to the idea of the self-healing of the ACL breakage, although this capacity is probably limited (Fujimoto, Sumen, Ochi, & Ikuta, 2002; Kohl et al., 2013) and may be influenced by acute phase inflammatory mediators such as the tumor necrosis factor alpha (TNF-α) (Xie et al., 2014) . The healing efficiency is mediated by the fibroblastic lysyl oxidase enzyme, which function is to catalyze the cross-linking between the collagen and the elastin and whose activity increases with the levels of TNF-α (Xie et al., 2014) . As in our experiments, the dissection of the ACL and the repair was done in the same surgical procedure; this acute-phase healing mechanism above described could explain that both neo-formed ACL had the same macroscopic aspect.
We have observed that the ACL repaired with both membrane grafts (with or without fibroblasts) had the same relative expression of COL1, MMP-13 and tenascin-C and moreover the expression levels of both repaired tissues were similar to those found in the control ACL taken form the non-operated limb. This result, which is supported by other author's publications (Dunn, Liesch, Tiku, & Zawadsky, 1995; Bellincampi, Closkey, Prasad, Zawadsky, & Dunn, 1998) shows that in both cases the cells of the neo-formed tissue could be similar to those of the normal ACL and these fibroblasts may preserve their biological properties, at least in terms of their mRNA expression profiles.
The neo-formed tissues were studied microscopically and compared to the control ACL. Hematoxylin-eosin staining revealed that both types of neo-formed ACL were made of a tissue, without the structure of a normal ACL, but with fibroblast-like cells very similar to those observed in the normal ACL but in a lower number. Furthermore, the cellularity was statistically significant higher in the neo-formed ACL than in the control. This result could be explained by the migration of fibroblasts from the healthy tissue to the graft implanted to repair the ACL. In this sense, some studies have been published concerning the migration of the fibroblasts form the normal ACL to different scaffolds. Yan et al. (1999) demonstrated that fibroblasts could migrate from healthy ACL areas to damaged tissue and they can adhere to types I and III collagen fibers to help for ligament healing. Murray & Martin (2000) published that intrinsic fibroblasts migrated from healthy ACL to collagen-glycosaminoglycan scaffolds. These authors demonstrated that certain growth factor such as TGF-β1 (Transforming Growth Factor type β1), PDGF-AB (Platelet Derived Growth Factor type AB), EGF (Epidermal Growth Factor), or FGF-2 (Fibroblast Growth Factor type 2) could influence the migration of fibroblasts, so these factors could be contributing factors for the ligament healing (Meaney Murray, Rice, Wright, & Spector, 2003) . Moreover, the nucleus volume of the neo-formed tissue, Vol. 7, No. 2; independently of the location (center or periphery) was higher than in the intact ACL, suggesting that the fibroblasts of the grafts have a high mitotic potential. As stated above, these fibroblasts probably come from the healthy tissue to the graft in the case of the treatment with the membrane alone, and in the case of the membrane plus cells treatment, a number of them come from the healthy tissue and the remaining fibroblasts are from the membrane itself. However, with our experiments we can not determine the origin of the fibroblasts.
Interestingly, we have also found that the only difference between the treatment with the membrane with or without cells was in the periphery of the neo-formed tissue, where the vascularization degree was higher in the treatment with cells than in that without cells. It has been widely published that the revascularization of the tendon graft after ACL reconstruction by surgery is a crucial step in the "ligamentization" process (Arnoczky, Tarvin, & Marshall, 1982; Butler et al., 1989; Petersen et al., 2003; Yoshikawa et al., 2006) . In fact, some techniques have been described trying to enhance both the revascularization and the proprioception after ACL reconstruction preserving the tibial and/or femoral stumps, which can benefit the patient (Lee, Kwon, Kim, Choi, & Min, 2008; Song et al., 2013; Nag & Gupta, 2014) . Revascularization is one of the first processes that must occur for a successful integration of the tendon after ACL reconstruction (Tohyama, Yoshikawa, Ju, & Yasuda, 2009 ). Yoshikawa et al. (2006) have demonstrated in the rabbit model that in proliferating fibroblasts the vascular endothelial growth factor (VEGF) is highly expressed by proliferating fibroblasts, and furthermore it has been also published that VEGF is released by the fibroblasts of the ACL remnants (Xie, Huang Fu, & Zhao, 2012) . As in our work we preserved the remnants in both groups of animals, one can expect that the revascularization were the same in both the animals treated with the membrane alone or with the membrane plus the cells. As the only difference between both groups was the presence of fibroblasts in the membrane, it is likely that these cells could be the responsible for this high degree of vascularization found. However, either the ligamentous or mesenchymal origin of these cells can not be discarded with the results found in the present work. All these facts will be further demonstrated in future research.
To find novel treatments based using tissue engineering methods is a big challenge and becomes in a multidisciplinary science. The findings of all of them would allow us to know better the structure and the biochemical properties of the ACL for developing a good treatment, reducing the morbidity associated to the current one and trying to short the recovery time. In this work we report a novel method for ACL repair using fibroblast and a collagen membrane as a carrier. This method could be a promising tool to treat these lesions as it seems that improves vascularization of the graft. This latter fact will be demonstrated in future research using immunohistochemistry staining against endothelial cells. Furthermore, further investigation will be performed to elucidate the mechanisms for revascularization and the mechanical properties of the graft.
